Background: To investigate the influence of systemic inflammation on
INTRODUCTION
Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection [1] . The brain is frequently affected in sepsis and sepsis-associated encephalopathy (SAE) is associated with increased mortality, prolonged hospital stay and long-term cognitive decline [2] . The pathophysiology of SAE is multifactorial, and includes diffuse neuroinflammation, abnormalities in cerebral perfusion, and excitotoxicity [2] .
Dynamic cerebral autoregulation is a mechanism that maintains a stable cerebral blood flow (CBF) by dampening the effects of alterations in arterial blood pressure (ABP) through cerebral arteriolar vasodilatation and vasoconstriction. Under healthy circumstances, spontaneous fluctuations in ABP are damped to preserve a constant CBF, in order to maintain cerebrovascular homeostasis. However, this so-called dynamic cerebral autoregulation is frequently impaired in sepsis, especially in the first few days [3] [4] [5] . A disturbed cerebral autoregulation may represent an important mechanism in the pathophysiology of SAE, rendering the brain more vulnerable to changes in perfusion pressure [4] . The most frequently used method to quantify dynamic cerebral autoregulation is transfer function analysis (TFA), with the calculation of coherence, gain and phase [6] . TFA uses beat-to-beat blood pressure variation as input signal [6] . The coherence function tests the linearity of the relation between input and output. The gain quantifies the damping effect between the input and output of the transfer function. The phase shift of a waveform represents the displacement of this waveform relative to another waveform with the same period. Gain and phase are the parameters from which dynamic cerebral autoregulation can be determined [6] .
In addition to dynamic autoregulation, the critical closing pressure (CrCP) is another frequently used tool in cerebral vascular research. CrCP is defined as the lower limit of ABP below which vessels collapse and flow ceases [7] . CrCP allows estimation of changes in cerebrovascular tone and minimal cerebral perfusion pressure to prevent collapse of vessels and ischemia [7] .
The experimental human endotoxemia model is a highly standardized and controlled model of systemic inflammation induced by intravenous administration of lipopolysaccharide (LPS) in healthy volunteers that captures many hallmarks of sepsis [8] [3, [9] [10] [11] . These effects differ from those observed in sepsis patients, in whom dynamic autoregulation is impaired in the first few days and restores later on [3, 4, [12] [13] [14] [15] [16] [17] [18] . The observed differences between the human endotoxemia model and sepsis may be related to the use of a relatively low LPS dose or the fact that LPS is administrated as a single bolus or during 4 h, whereas sepsis patients are exposed to micro-organisms and their toxins for a more sustained period. We previously showed that endotoxemia induced by continuous infusion of LPS at a total dose of 4 ng/kg results in a significantly more pronounced and prolonged inflammatory response compared to bolus administration of 2 ng/kg LPS, which may better recapitulate the response observed in septic patients [19] . Therefore, continuous infusion of LPS may also result in a cerebrovascular profile that better resembles the situation in sepsis. This would enable the use of such a "continuous human endotoxemia model" for investigation of new therapies aimed at maintaining cerebrovascular homeostasis in sepsis.
In the present study, we investigated dynamic cerebral autoregulation and CrCP in healthy volunteers following continuous or bolus administration of LPS, and compared these responses to those observed in sepsis patients. Some clinical data (ABP, heart rate, temperature), cerebral blood flow velocity (CBFV) and CrCP of the 8 endotoxemia subjects who received a bolus administration of LPS and of the 10 sepsis patients were previously reported [20] . So in this study we also investigated dynamic cerebral autoregulation and CrCP following continuous (and higher total dose) administration of LPS to observe if this dose regime better resembles the situation in sepsis.
METHODS

Study Design, Setting, Subjects and Patients
We performed a prospective observational study in healthy male volunteers during experimental endotoxemia induced by 2 different dosing regimens, and an observational study in sepsis patients. Data were obtained from a total of 19 healthy, non-smoking, male volunteers, aged 18 to 35 years, 11 of whom were included in a human endotoxemia study employing continuous infusion of LPS, and 8 of whom were included in a human endotoxemia study employing single bolus administration of LPS. Subjects were screened prior to inclusion, and had a normal physical examination, electrocardiography and routine laboratory values. Also, 10 patients with septic shock, older than 18 years, were included. The local Institutional Review Board waived the need for informed consent for these sepsis patients. Septic shock was defined by the international sepsis definition conference [21] . Sepsis patients were treated according to international management guidelines [22] . All sepsis patients received sedating medication and were mechanically ventilated to achieve normocapnia. Exclusion criteria were an irregular heart rhythm or an insufficient transtemporal bone window.
Experimental Human Endotoxemia
Purified LPS (continuous infusion study: Escherichia coli O:113, Lot no. Bethesda, USA) was supplied as a lyophilized powder and dissolved in normal saline 0.9% as described previously [23, 24] . For the continuous infusion study (c-LPS), a total of 4 ng/kg LPS was administered as a intravenous loading bolus of 1 ng/kg body weight at T = 0, followed by an intravenous infusion of 1 ng/kg/h for a period of 3 h [24] . For the bolus administration study (b-LPS), LPS was administered, as described previously, as an intravenous bolus injection at a dose of 2 ng/kg body weight in 1 min at T = 0 [23] .
All subjects received 1.5 L of 2.5% glucose/0.45% saline solution in the hour before initiation of LPS administration, followed by 150 mL/h during the first 6 h after LPS administration and 75 mL/h until the end of the experiment, according to our protocol [24] .
Data Collection
ABP, heart rate, temperature and CBFV in the middle cerebral artery (MCA) were monitored during the experiment and simultaneously recorded and stored, as described in a previous manuscript [23] . All recordings were made in supine position with the head elevated 30°.
Recordings were performed at 60 min before (baseline, T = BL), and at 150, Some clinical data (ABP, heart rate, temperature), CBFV and CrCP of the 8 endotoxemia subjects who received a bolus administration of LPS and of the 10 sepsis patients were previously reported [20] .
Data Analysis
Analysis of ABP and CBFV was performed using a custom-written MATLAB script (Matlab R2014b, The MathWorks Inc., Natick, MA, USA).
Mean ABP (MAP) and mean flow velocity (MFV) were obtained filtering ABP and CBFV with a 3th order low-pass Butterworth filter. Raw and mean data underwent visual inspection and artifact free segments of 5 min were selected for subsequent analysis.
Cerebral Autoregulation
Dynamic autoregulation was determined by transfer function analysis (TFA) and performed according to the recommendations of the international Cerebral Autoregulation Research Network (CARNet) to assess cerebral autoregulation in the frequency domain using artifact free segments of 5 min [6] . The TFA coherence, gain and phase were calculated for the very low (VLF, 0.02-0.07 Hz) and low (LF, 0.07-0.2 Hz) frequency bands. In addition, the average spectral power of MAP and MFV were calculated in the VLF and LF frequency bands in order to see whether the variation can be designated to a certain frequency band and whether this origin of variation changes over time in the patients [6] .
Critical Closing Pressure
CrCP was estimated according to the method by Varsos et al. [25, 26] :
with CVR means cerebrovascular resistance, Ca means compliance of the cerebral vascular bed and HR means heart rate. Cerebral perfusion pressure (CPP) is defined as ABP − ICP (intracranial pressure), however in this study ICP was not measured. Therefore mean ABP was used as an approximation of CPP, as previously described [26] . CVR was calculated by Figure 3B ). VLF phase in sepsis patients was significantly lower compared to both LPS groups at all timepoints (7 (2 to 33) degrees, p < 0.05, Figure 3C) . There were no correlations between plasma cytokine levels and phase in the VLF band or CrCP (data not shown).
DISCUSSION
Herein, we demonstrate that, although lower blood pressure is observed both during human endotoxemia and sepsis, dynamic cerebral autoregulation remains unchanged during endotoxemia, but is impaired in sepsis. Furthermore, CrCP decreases upon administration of LPS and is low in sepsis, indicating changes in cerebrovascular tone with a decreased lower limit of ABP below which vessels collapse and flow ceases.
Dynamic cerebral autoregulation is disturbed in septic patients and associated with the development of SAE and mortality [3, 4] . In our sepsis patients this was exemplified by a lower VLF phase than found in any of our LPS groups. In our experiments however, continuous LPS infusion or bolus LPS administration did not change dynamic cerebral autoregulation.
CrCP did decrease during experimental endotoxemia, indicating a decreased vascular tone. Taken together, these results indicate that despite a lower blood pressure and decreased vascular tone as signs of a vasodilatory status, cerebral autoregulation remains intact in the human endotoxemia model. In constrast, in septic shock patients, cerebral autoregulation is impaired, likely due to an exhausted compensatory cardiovascular mechanism.
Human endotoxemia is frequently utilized as a model to study the cerebrovascular effects of sepsis. Previously, administration of 2 ng/kg of LPS was shown to result in an increased phase difference as determined by TFA [3, 9, 10] . Two studies infused 2 ng/kg LPS over a 4 h period [3, 9] . The third study administered the same dose as a bolus [10] . The increased phase implies a more swift response of the cerebrovascular bed to perfusion changes. This enhanced dynamic cerebral autoregulation is considered to reflect the hemodynamic changes in the earlier phases of sepsis [3, 27, 28] . We propose that administration of 2 ng/kg LPS (as bolus or continuous infusion) is an inadequate stimulus to induce the sepsis-related cerebrovascular changes, because dynamic cerebral autoregulation does not deteriorate as in sepsis patients.
Continuous infusion of 4 ng/kg LPS over three hours resulted in a significant decrease in MAP and a more pronounced inflammatory response compared to 2 ng/kg LPS bolus administration, as also previously described [19] . Still, dynamic cerebral autoregulation remained Besides, it should be noted that in septic patients admitted to the intensive care, much higher plasma LPS concentrations (in the mg L −1 range) are often observed [30] [31] [32] .
In our sepsis patients, the VLF phase was significantly lower, but the gain was not different compared to healthy volunteers before and during endotoxemia. This is consistent with previous reports that the response of the cerebrovascular bed is slower in sepsis, but the magnitude of change is not affected [3, 4, 15, 17, 18, 33, 34] . A disturbed autoregulation could potentially, expose the brain to hypo-and hyperperfusion during acute alterations in ABP and contribute to the development of SAE. Perfusion as measured by the CBFV was highly variable in our sepsis patients and in line with the current literature that describes cerebral perfusion as increased, unchanged or decreased after sepsis [13] [14] [15] [16] 35] Comparison between these studies is hampered by the large variability in severity of the disease, timing of the measurements and techniques used to measure CBF.
The CrCP decreased during human endotoxemia and was low in sepsis, reflecting a decreased vascular tone in these patients. This indicates that a cerebrovascular adaptation process has been switched on, also during experimental endotoxemia with intact cerebral autoregulation. These results are analogous to our previous observations of a decreased CrCP in human endotoxemia (2 ng/kg bolus) and sepsis [20] . This decreased CrCP operates as a protection for the brain against ischemia, and is mainly caused by a decrease in the time constant (Tau) of the cerebral arterial bed (Tau = Ca × CVR). These data are in agreement with earlier studies where an increased pulsatility index was demonstrated in sepsis and associated with the development of SAE [35] [36] [37] .
This study has some limitations. The first limitation pertains the small groups of subjects enrolled and the fact that sex and age where different between the endotoxemia and the sepsis groups. As described in a previous study, we enrolled only young healthy male people in the experimental human endotoxemia study to confine intersubject variability [20] . A second limitation is the measurement of MAP through a arterial catheter in the radial artery. Finally, we cannot rule out the consequences of alterations in carbon dioxide on CBFV MCA and modification, because of an increase in respiratory rate and temperature after infusion of LPS [20] . 
CONCLUSIONS
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